Sulfide:quinone oxidoreductase (SQR) was purified from membrane of acidophilic chemolithotrophic bacterium Acidithiobacillus ferrooxidans NASF-1 cells grown on sulfur medium. It was composed of a single polypeptide with an apparent molecular mass of 47 kDa. The apparent K m values for sulfide and ubiquinone were 42 and 14 M respectively. The apparent optimum pH for the SQR activity was about 7.0. A gene encoding a putative SQR of A. ferrooxidans NASF-1 was cloned and sequenced. The gene was expressed in Escherichia coli as a thioredoxin-fusion protein in inclusion bodies in an inactive form. A polyclonal antibody prepared against the recombinant protein reacted immunologically with the purified SQR. Western blotting analysis using the antibody revealed an increased level of SQR synthesis in sulfur-grown A. ferrooxidans NASF-1 cells, implying the involvement of SQR in elemental sulfur oxidation in sulfur-grown A. ferrooxidans NASF-1 cells.
The iron-oxidizing bacterium Acidithiobacillus ferrooxidans (formerly Thiobacillus ferrooxidans) is a chemolithotrophic bacterium that has been used as a model microorganism to study the mechanism of bacterial leaching from metal ores. [1] [2] [3] This bacterium obtains its energy for growth and cell maintenance from the oxidation of ferrous iron and/or a number of reduced inorganic sulfur compounds under acidic conditions. Although the transfer of electrons from ferrous iron to oxygen has not been conclusively established, the electron transfer pathway is thought to involve two cytochromes c (Cyc2 and Cyc1), a rusticyanin, and an aa 3 -type cytochrome c oxidase. [4] [5] [6] On the other hand, although some enzyme activities thought to be involved in the aerobic oxidation of elemental sulfur by A. ferrooxidans were detected, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] the oxidation pathway of elemental sulfur has not yet been clearly elucidated.
The oxidation of reduced inorganic sulfur compounds by sulfur-oxidizing bacteria has been reviewed. [17] [18] [19] [20] In A. ferrooxidans, the initial intermediate of elemental sulfur oxidation is sulfite, which is further oxidized to the final product sulfate. 21, 22) The initial step in elemental sulfur oxidation in A. ferrooxidans cells is perhaps catalyzed by a glutathione-dependent sulfur dioxygenase that uses persulfide sulfur as a substrate and generates sulfite and sulfide. 23) It has been proposed that the sulfite and sulfide thus produced are further oxidized by a sulfite:acceptor oxidoreductase and a sulfide:quinone oxidoreductase (SQR) respectively. 23) We have proposed that sulfur oxidation in sulfur-grown A. ferrooxidans NASF-1 cells proceeds via sulfide as an intermediate and involves a sulfide:quinone oxidoreductase (SQR) and a ubiquinol oxidase. 24, 25) Transcription of the sqr gene was activated in NASF-1 cells grown on elemental sulfur. 25) In this report, we describe for the first time the partial purification and properties of the SQR from A. ferrooxidans NASF-1 cells grown on elemental sulfur and the results of Western blotting analyses of SQR in cells grown on ferrous iron, elemental sulfur, and tetrathionate.
Materials and Methods
Chemicals. Ubiquinone-2 (Q 2 ) was kindly supplied by Eizai (Tokyo). The other reagents used were of the highest commercial grade available.
Microorganism, medium, and cultivation. A. ferrooxidans NASF-1 (deposited in the Biological Resource Center of the National Institute of Technology and Evaluation, Japan, under accession no. NBRC 101131) was used in this study. Iron (Fe)-, sulfur (S 0 )-, and tetrathionate-grown cells were prepared as described previously. 25, 26) E. coli strains were grown in Luria-Bertani (LB) medium at 37 C. Ampicillin and tetracycline were added at final concentrations of 50 mg ml À1 and 12.5 mg ml À1 respectively.
Preparation of intact cells and membrane fractions. Fe-, S 0 -, and tetrathionate-grown cells in late log-phase were harvested by centrifugation, washed three times with 0.1 M -alanine-SO 4 buffer (pH 3.0), and resuspended in the buffer. For preparation of the membrane, washed cells were resuspended in buffer A (30 mM sodium phosphate buffer pH 7.3, and 10 mM MgCl 2 ), and broken by passing them three times through a French press cell at 147 MPa. The homogenate was centrifuged at 12;000 Â g for 10 min to obtain cell-free extract. The cell-free extract was further centrifuged at 105;000 Â g for 60 min. The pellet was washed with buffer A and used as a membrane fraction.
Purification of SQR. The membrane fraction from S
0 -grown cells was centrifuged at 105;000 Â g for 60 min, and the resulting pellet was resuspended in buffer A, containing 0.3 M KCl. After incubation with constant stirring at 4 C overnight, the suspension was centrifuged at 105;000 Â g for 60 min to obtain proteins extracted from the membrane. n-dodecyl--D-maltopyranoside (DM) was added to the supernatant at a final concentration of 0.1% (w/v) to prevent precipitation of the proteins. The membrane proteins extracted were precipitated by adding ammonium sulfate (AS) to the solution at a final concentration of 35% (w/v). The precipitate was recovered by centrifugation (20;000 Â g, 30 min), and the resulting pellet was resuspended in buffer A containing 0.1% (w/v) DM and 15% (w/v) AS. The solution was loaded onto a Phenyl-Toyopearl 650M column (1:5 Â 2 cm, Tosoh, Osaka, Japan) equilibrated with buffer A containing 0.1% (w/v) DM and 15% (w/ v) AS. The adsorbed proteins were successively eluted with 30 ml of buffer A containing 0.1% (w/v) DM and 10% (w/v) AS, 30 ml of buffer A containing 0.1% (w/v) DM and 5% (w/v) AS, and 30 ml of buffer A containing 0.1% (w/v) DM. The active fractions eluted with buffer A containing 0.1% (w/v) DM and 10% (w/v) AS were concentrated by Centricut U-10, V-10, and W-20 (Cosmo Bio, Tokyo), and applied to a prepacked TSKgel G3000 SW column (7:5 Â 60 cm, Tosoh) equilibrated with buffer A containing 0.1% (w/v) DM.
Measurement of enzyme activities. Sulfide:quinone oxidoreductase (SQR) activity was spectroscopically measured at pH 7.0 by the decrease in absorbance at 275 nm due to the reduction of Q 2 , as described previously. 25) One unit of activity was defined as the amount of enzyme that catalyzes the reduction of 1 mmol of Q 2 per min.
UV/visible spectroscopy of the SQR from NASF-1. The spectra of the oxidized and reduced enzyme were recorded with a multi-purpose spectrophotometer, model MPS-5000 (Shimadzu, Kyoto, Japan). The reduced enzyme was prepared by adding dithionite.
Protein analysis. SDS-polyacrylamide gel electrophoresis (PAGE) was performed in 12.5% (w/v) polyacrylamide slab gel with a Tris-glycine buffer. Proteins were detected by silver staining or Coomassie blue staining. For determination of the N-terminal amino acid sequence, proteins separated by SDS-PAGE were electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Hybond-P, GE Healthcare, Buckinghamshire, UK) using a blotting apparatus (Semidry Blot AE-6677, Atto, Tokyo, Japan). The N-terminal amino acid sequences of the outer membrane proteins were determined by Edman analysis using an automatic protein sequencer (Model 610A NH 2 -terminal sequencer, PerkinElmer, Waltham, MA). The DDBJ ClustalW System was used to align amino acid sequences (http://www. ddbj.nig.ac.jp/search/clustalw-j.html). The theoretical isoelectric point was calculated by a Compute pI/Mw tool (http://au.expasy.org/tools/pi tool.html) and by a GENETYX-WIN ver. 4.0.6. Transmembrane helix was predicted by PHDhtm (http://www.embl-heidelberg.de/ predictprotein/submit def.html).
DNA manipulations. Genomic DNA (gDNA) from NASF-1 cells was prepared as described previously. 25) The gDNA was used as a template for PCR to amplify the gene encoding SQR protein. Since an open reading frame encoding a protein with a high sequence similarity to SQRs of Rhodobacter capsulatus and cyanobacteria has been detected in the genome of A. ferrooxidans ATCC 23270 (http://www.tigr.org), 27, 28) two primers, PsqrBF with a BamHI-restriction site (5 0 -GAGGGAT-CCATGGCACATGTGGTAATTTTGGGTGC-3 0 ) and PsqrSR with a SalI-restriction site (5 0 -CATTTTCGT-CGACCAACGGAACGATCA-3 0 ), were constructed based on the TIGR pre-released genomic sequence data. LA Taq polymerase (Takara Bio, Shiga, Japan) was used to amplify the DNA fragment. PCR was performed as follows: 2 min at 95 C followed by 30 cycles at 95 C for 30 s, 60 C for 30 s, and 72 C for 90 s, and then 2 min at 72 C. After electrophoresis of the PCR-amplified DNA fragment, the fragment was purified with a GeneClean kit (Qbiogene, Irvine, CA), and cloned into a pCR-2.1-TOPO vector using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA). The resulting plasmid, pCR-SQR, was used to transform E. coli TOP10 F 0 competent cells. The plasmid was extracted from the transformant cells using a Quantum Prep Plasmid Miniprep kit (Bio-Rad Laboratories, Hercules, CA). The nucleotide sequence of the inserted fragment was determined as described previously. 25) The accession number of the nucleotide sequence of the gene from A. ferrooxidans NASF-1 is AB217915. After digesting the plasmid with BamHI and SalI, the sqr fragment was ligated into a pET32a vector (Merck Biosciences, Darmstadt, Germany) digested with the same endonucleases. The resulting plasmid, pET-SQR, was used to transform E. coli NovaBlue competent cells (Merck Biosciences). The plasmid was purified, followed by transformation of E. coli BL21(DE3) competent cells or E. coli Rosettagami competent cells (DE3) (Merck Biosciences). The recombinant clones were selected on LB medium supplemented with ampicillin (50 mg ml À1 ). The recombinant protein was expressed under the following conditions: Cells from an overnight culture of E. coli BL21(DE3) cells were inoculated into LB medium or minimal M9 medium supplemented with ampicillin and incubated at 25 C until the culture reached an optical density at 600 nm of 0.6. Expression of thioredoxinfusion protein was induced by the addition of 0.1 mM isopropyl--D-thiogalactopyranoside (IPTG) and further incubation for 5 h. The cells were harvested by centrifugation (15;000 Â g, 10 min), washed with 0.1 M sodium phosphate buffer (pH 7.2), and resuspended in the same buffer. After sonication followed by centrifugation at 15;000 Â g for 10 min, thioredoxin-fusion proteins were found in the pellet as inclusion bodies, and were solubilized from the inclusion bodies with 0.4% (w/v) sodium N-laurylsarcosine.
29)
Preparation of antibody. The thioredoxin-fusion proteins solubilized from inclusion bodies were cleaved using a Recombinant Enterokinase kit (Merck Biosciences). The proteins were separated by SDS-PAGE and stained with Coomassie blue. Bands corresponding to the SQR protein (47 kDa) were excised from the gel and washed with saline water at 4 C overnight. The pieces of gel were homogenized in 10 mM of sodium phosphate buffer (pH 7.2) containing 150 mM of NaCl and injected into two BALB/c mice. Subcutaneous injection was carried out 4 times at 1-week intervals. Three days after the last injection, blood was collected from the mice, and the serum was obtained by centrifugation at 10;000 Â g for 15 min.
Western blotting. Proteins separated by SDS-PAGE were electroblotted onto a PVDF membrane as described above. For the antigen-antibody reaction, the PVDF membrane was treated with antiserum against SQR as the primary antibody (1:1,000 dilution) and anti-mouse antibody conjugated with peroxidase (Promega, Madison, WI) as the secondary antibody (1:10,000 dilution). Reacting protein bands were visualized with a chemiluminescence kit (ELC Plus Western Blotting Detection System, GE Healthcare) and a Flour-SÔ MAX MultiImager (Bio-Rad Laboratories).
Results

Purification of A. ferrooxidans NASF-1 SQR
We have reported that membranes from A. ferrooxidans NASF-1 cells exhibited an SQR activity.
25) The enzyme was purified from membranes of S 0 -grown NASF-1 cells, because the SQR activity of S 0 -grown cells was 19-fold higher than that of Fe-grown cells. 25) An analysis of the amino acid sequence deduced from the nucleotide sequence of a putative sqr gene from A. ferrooxidans ATCC 23270 revealed that the protein showed a hydrophilic characteristic, but SQR activities of A. ferrooxidans NASF-1 were observed both in membrane (41.2 U in total activity) and soluble fractions (28.0 U in total activity) after disruption of the cells by passing them through a French press cell. The enzyme was extracted by washing the membrane with buffer containing 0.3 M KCl. This procedure resulted in 12-fold purification of SQR from the membrane and 163% recovery of total activity (Table 1) . Since ubiquinol oxidase activities were detected in the cell-free extract and the membrane, the SQR activities of the fractions were measured under anoxic conditions as described in ''Materials and Methods.'' However, since ubiquinol oxidase activity was not detected in the extracted protein fraction, the activity was measured under aerobic conditions in the reaction mixture without glucose, glucose oxidase, or catalase. Therefore, the 163% recovery of total activity in the extracted protein fraction was probably due to the lower estimation of total activity in the cell-free extract or the membrane. The extracted proteins were subsequently fractionated by salting them out with AS. Highest recovery of SQR activity was observed in the fraction at 35% saturation of AS. The SQR was further purified by chromatography using Phenyl-Toyopearl and a TSKgel. The results of purification of SQR from A. ferrooxidans NASF-1 cells are summarized in Table 1 . The final preparation had a specific activity of 20.6 U mg À1 of protein, 186-fold higher than the activity in the crude extract of A. ferrooxidans NASF-1 cells. SDS-PAGE analysis of the final preparation revealed a major protein band with an apparent molecular mass of 47 kDa (Fig. 1A) , similar to the molecular mass The purification steps for the SQR from NASF-1 cells are described in the text. One unit of activity was defined as the amount of enzyme that catalyzes the reduction of 1 mmol of Q 2 per min.
(47.4 kDa) deduced from the amino acid sequence of a putative sqr gene of A. ferrooxidans ATCC 23270. The apparent molecular mass of the native SQR was estimated by gel filtration analysis to be 60-65 kDa (data not shown), indicating that the NASF-1 SQR was composed of a single polypeptide. The N-terminal amino acid sequence of the NASF-1 SQR was determined to be AHVVILGGGT, similar to the N-terminal amino acid sequence (AHVVILGAGT) deduced from the nucleotide sequence of a putative sqr gene of A. ferrooxidans ATCC 23270, except for one amino acid (A8G).
Characterization of purified SQR
The concentration dependency of the purified enzyme on the substrates was determined. The apparent K m values of the SQR activity for sulfide and ubiquinone (Q 2 ) were 42 mM and 14 mM respectively. Although the optimum temperature of the NASF-1 SQR activity was examined, we could not determine the temperature due to fast chemical reactions at high temperatures. Since hydrogen sulfide is unstable under acidic conditions and quinone was chemically reduced at pH higher than 8.0, the optimum pH of the NASF-1 SQR activity too was not correctly estimated, but the apparent optimum pH was about pH 7.0. Since thiosulfate:quinone oxidoreductase activity was detected in A. ferrooxidans ATCC 19859, 30) the substrate specificity of the NASF-1 SQR was examined. When thiosulfate was used as a substrate for the NASF-1 SQR, no reduction in Q 2 was observed under either neutral (pH 6.5) or acidic (pH 3.0) conditions. SQRs purified from Oscillatoria limnetica and Rhodobacter capsulatus have been found to be flavoproteins. 31, 32) Spectral analysis of the NASF-1 SQR was performed to determine the involvement of flavins, but we could not confirm the involvement of FAD in the protein due to the small amount of the purified enzyme protein.
We have reported that a quinone analog, 2-n-heptyl-4-hydroxy-quinone-N-oxide (HQNO), was a specific inhibitor of sulfide oxidation in the membrane of NASF-1 cells. 25) The concentration for 50% inhibition of the activity (I 50 ) by HQNO was about 50 mM. An analysis of the effects of inhibitors on the purified NASF-1 SQR activity revealed that the I 50 due to HQNO, antimycin A, myxothiazol, and cyanide were 220, 39, 69, and 540 mM respectively. SQR activity was relatively resistant to HQNO.
Sequence analysis of the NASF-1 sqr gene Cloning of the sqr gene from A. ferrooxidans NASF-1 was achieved by PCR, as described in ''Materials and Methods.'' The resulting plasmid pCR-SQR was sequenced and analyzed. The sqr gene from strain NASF-1 was 1,305 bp in length, and the deduced amino acid sequence consisted of 434 amino acid residues. The molecular mass was estimated to be 47.29 kDa. The Nterminal amino acid sequence determined for the NASF-1 SQR was found in the amino acid sequence deduced from the sqr gene. The amino acid sequence similarity of the NASF-1 SQR to the SQRs of A. ferrooxidans ATCC 23270, R. capsulatus, and O. limnetica were 97%, 49% and 37% respectively. The theoretical isoelectric point of the NASF-1 SQR was 6.5. Although a prediction of transmembrane helixs in the NASF-1 SQR revealed one possible helix (I 153 -I 170 ), no membrane spanning and/or anchoring -helices and no typical signal peptide were detected. As previously analyzed in other sqr genes, 27) all 11 fingerprint residues of the ADP binding site motif found in the NAD and FAD binding proteins were conserved in the NASF-1 SQR. A, Membrane fraction (Membrane), proteins extracted from membrane (Extracted), 35% AS-saturated fraction (35%AS), an active fraction from Phenyl-Toyopearl 650M column chromatography (Phenyl), an active fraction of TSKgel G3000SW gel filtration (TSKgel), and the recombinant protein expressed in E. coli and removed thioredoxin-tag (Rec-SQR), were separated on a 12.5% polyacrylamide gel and stained with silver. Ten mg of the respective samples were loaded, except that 1 mg for proteins was loaded for the TSKgel and Rec-SQR samples. B, Samples were separated by SDS-PAGE, blotted on a PVDF membrane, and analyzed immunologically with an antibody against recombinant SQR.
Furthermore, three SQR fingerprints containing three cystein residues essential for the reductive reaction 33) were highly conserved.
Heterologous expression of the NASF-1 sqr gene in E. coli Since no molecular tools exist for A. ferrooxidans, the putative NASF-1 sqr gene was expressed in E. coli cells. Overexpression was initially performed using the pET21a system, in which recombinant protein was expressed as a polypeptide without a tag. Although various conditions were employed to synthesize the protein in an active form, the overexpressed proteins accumulated in inclusion bodies in an inactive form. To facilitate correct folding of recombinant proteins in E. coli cells, the gene was expressed as a thioredoxin-fusion protein in E. coli BL21(DE3) or E. coli Rosetta-gami(DE3) using a pET32a system. Although the fusion protein, with an apparent molecular mass of 65 kDa (thioredoxin, 20 kDa; SQR, 47 kDa), was expressed in E. coli cells harboring pET-SQR, the protein also accumulated in inclusion bodies in an inactive form. No SQR activity was detected after solubilization of the fusion protein from the inclusion bodies by sodium N-laurylsarcosine and digestion of the protein with an enterokinase. A UV/visible spectrum of the digested protein showed no absorption peaks derived from FAD (data not shown).
To examine whether the recombinant protein was an SQR protein, a polyclonal antibody was prepared using the recombinant protein cleaved with an enterokinase. Figure 1B shows the Western blotting analysis using the antibody. Single fluorescence signals were detected in the partial purification samples (Fig. 1B) . The fluorescence intensities of the 47-kDa bands increased with the number of purification steps (Fig. 1B) , indicating that the overexpressed protein was SQR.
Western blotting analysis of Fe-and S
0 -grown cells with the antibody against recombinant SQR
We have reported that SQR activity and the transcriptional level of the sqr gene in S 0 -grown NASF-1 cells were higher than those in Fe-grown NASF-1 cells. 25) To confirm that the enhanced transcriptional level results in an increased concentration of the SQR protein, Western blotting analysis using the antibody against recombinant SQR was performed. Although the fluorescent signal with the cell-free extract from Fegrown cells could scarcely be detected, the fluorescent signal was detected with the cell-free extract from S 0 -grown cells (Fig. 2B) . A protein in the cell-free extract from tetrathionate-grown cells also reacted with the antibody, indicating induction of SQR synthesis in the cells (Fig. 2B) .
Discussion
During the oxidation of elemental sulfur in A. ferrooxidans, sulfite and sulfide are perhaps produced by glutathione-dependent sulfur dioxygenase activity. 23) We have proposed that hydrogen sulfide was oxidized by SQR in S 0 -grown A. ferrooxidans cells, and that ubiquinol produced by the SQR reaction was directly oxidized by ubiquinol oxidase, not by the bc 1 complex and cytochrome c oxidase. 25) We purified and characterized an SQR for the first time from S 0 -grown A. ferrooxidans NASF-1 cells. As summarized in Table 2 , the molecular weight and K m values for sulfide and quinone of the NASF-1 SQR activity were similar to those of SQRs from other microorganisms.
SQRs from O. limnetica and R. capsulatus have been purified from thylakoids and chromatophores respectively using detergents such as dodecyl maltoside and Thesit. 31, 32) In contrast to O. limnetica SQR, which is tightly bound to the membrane, 31) R. capsulatus SQR is loosely bound to the membrane and can be solubilized by NaBr. 32) Similarly to R. capsulatus SQR, NASF-1 SQR appeared to be loosely bound to the membrane, because the enzyme was extracted by washing the membrane with buffer containing 0.3 M KCl. The localization of SQR is critical for elucidating the mechanism of elemental sulfur oxidation in A. ferrooxidans cells. It has been reported that the oxidation of hydrogen sulfide resulted in an accumulation of sulfur in the periplasmic space of A. ferrooxidans.
21) Rohwerder and Sand have proposed the involvement of SQR in Cell-free extracts from Fe-grown cells (Fe, 10 mg), S 0 -grown cells (S 0 , 10mg), and tetrathionate-grown (S 4 , 10 mg) and recombinant SQR proteins (E, 1 mg) were separated by SDS-PAGE, blotted on a PVDF membrane, and analyzed immunologically with an antibody against recombinant SQR. The arrow indicates a protein with an apparent molecular mass of 47 kDa, corresponding to SQR. Fractions were analyzed by Coomassie blue staining (A) and immunodetection with an antibody against recombinant SQR (B). 
28)
A.h, Aphanothece halophytica; 27) ND, not determined.
sulfide oxidation in A. ferrooxidans R1 cells and the localization of the SQR on the periplasmic side of the cytoplasmic membrane. 23) Localization of the R. capsulatus SQR on the periplasmic side of the cytoplasmic membrane has been demonstrated, though no typical signal peptide was detected in the N-terminal amino acid sequence.
34) The R. capsulatus SQR is thought to be translocated into the periplasm by an unknown mechanism. 34) Although no typical signal peptide, recognized by the Sec or the Tat system in E. coli, was detected in the N-terminal amino acid sequence of A. ferrooxidans SQR, it can be assumed that the SQR is translocated to the periplasmic side of the cytoplasmic membrane. However, since the apparent optimum pH of the NASF-1 SQR activity suggested a cytoplasmic localization for the SQR, further investigations, such as an immunocytochemical experiment, are required to obtain conclusive evidence of the localization of the SQR.
The sqr genes of a purple bacterium (R. capsulatus) and of cyanobacteria (O. limnetica and Aphanothece halophytica) have been functionally expressed in E. coli. 27, 34) We failed to express the sqr gene of A. ferrooxidans NASF-1 in E. coli. Although various methods were used to express the gene in E. coli in the active form, the proteins were synthesized in inclusion bodies. A UV/visible spectrum of the recombinant protein solubilized from the inclusion bodies by sodium N-laurylsarcosine did not show absorption peaks derived from FAD, suggesting that the cofactor, probably involved in the active enzyme, was not successfully incorporated into the recombinant protein. It has been found that the production of periplasmic redox holoproteins from the acidophilic A. ferrooxidans in neutrophilic E. coli has presented experimental problems. 35) Rusticyanin, a blue-copper protein, has been produced in the periplasm, but the copper was not incorporated and reconstitution in vitro was required. 36) No SQR activity was detected when the recombinant protein was reconstituted in the presence of FAD. Experiments in reconstitution of the recombinant protein are being carried out now.
A genetic system for A. ferrooxidans is available, and several directed mutants have been constructed using it. 37) Although we have applied the genetic system to construct mutants which can grow on Fe-medium but not on S 0 -medium, such mutants have not yet been obtained. Hence it is not possible to assign a definitive role to SQR in sulfur oxidation in A. ferrooxidans, but the larger amount of SQR protein in S 0 -or tetrathionategrown cells (Fig. 2B) implies a definitive role of SQR in the oxidation of reduced inorganic sulfur compounds in A. ferrooxidans NASF-1 cells. The induction of SQR synthesis in tetrathionate-grown cells suggests that hydrogen sulfide was also produced as an intermediate during the oxidation of tetrathionate. Induction of SQR synthesis was also observed in S 0 -and tetrathionategrown A. ferrooxidans ATCC 23270 cells (data not shown), suggesting that SQR was generally involved in hydrogen sulfide oxidation in A. ferrooxidans strains. The involvement of SQR in hydrogen sulfide oxidation has also been proposed for A. ferrooxidans R1 cells, 23) but the contribution of SQR to energy acquisition in elemental sulfur oxidation in A. ferrooxidans R1 cells was estimated to be low, because sulfide produced by the glutathione-dependent sulfur dioxygenase reaction escapes into the gaseous phase. Since a hydrogen sulfide-binding protein to which hydrogen sulfide binds reversibly has been purified from the membrane of A. ferrooxidans AP-19, 38) the contribution of SQR to energy acquisition in the sulfur oxidation of A. ferrooxidans may be higher than previously estimated.
Sulfite is another product of the sulfur dioxygenase reaction in A. ferrooxidans. It is perhaps oxidized to sulfate by a sulfite:acceptor oxidoreductase, which probably uses cytochromes as electron acceptors. 23) However, sulfite-oxidizing activity drastically decreased when Fe-grown A. ferrooxidans NASF-1 cells were cultivated on S 0 -medium (from 1.28 ml O 2 min À1 mg of protein À1 to 0.07 ml O 2 min À1 mg of protein À1 ). 25) Therefore, the pathway of sulfite oxidation appears to be different from that involving sulfite:acceptor oxidoreductase. Collecting the data available in the literature, we are able to propose a general scheme for sulfite oxidation. As previously pointed out, 23) sulfite nonenzymatically reacts with elemental sulfur to produce thiosulfate. Thiosulfate is probably oxidized to tetrathionate by thiosulfate dehydrogenase. The enzyme was newly purified from thiosulfate-grown A. ferrooxidans CCM 4253 cells, and it showed maximal activity at pH 3.0.
39) The tetrathionate thus produced was disproportionated by tetrathionate hydrolase to produce thiosulfate, elemental sulfur and sulfate. 14, 26) Since the tetrathionate hydrolase reaction does not couple to energy acquisition, the coupling must be done in thiosulfate oxidation. A cytochrome c specifically induced in cells grown on sulfur 5) and a ba 3 -type cytochrome c oxidase proposed by Brasseur et al. 30) are probably involved in the coupling.
Since the glutathione-dependent sulfur dioxygenase producing sulfite and sulfide from elemental sulfur play a definitive role in the initial step of sulfur oxidation in A. ferrooxidans, detailed characterization of the sulfur dioxygenase is very important in order to clarify the mechanism of the oxidation of reduced inorganic sulfur compounds in this acidophilic bacterium. tion, Culture, Sports, Science and Technology of Japan, and was funded partly by the WESCO Scientific Promotion Foundation.
